Fertilization is external in some crustaceans and internal in others. In the nineteenth century, it was reported that the American lobster (Homarus americanus) fertilized its eggs externally using spermatozoa stored in the seminal receptacle. Later investigators questioned this assumption, noting that the spermatophoric mass is sealed inside the seminal receptacle by an impervious sperm plug that prevents the spermatozoa from exiting the seminal receptacle via the orifice. This led to suggestions that fertilization in homarid lobsters is internal via transitory connectives that form between the seminal receptacle and the ovary/oviduct at the time of oviposition. Supporting evidence was obtained from studies in which fertilization occurred even when the orifice of the seminal receptacle was sealed with epoxy. We here report selective occlusion studies that resolve this conundrum. At spawning, spermatozoa leave the seminal receptacle not through the sealed orifice, but via two grooves located posterior and lateral to the orifice. Occluding these posterolateral grooves as well as the orifice of the seminal receptacle prevents fertilization, whereas occluding only the orifice does not. This explains why earlier attempts to prevent fertilization by occluding the orifice of the seminal receptacle were unsuccessful, and confirms that fertilization in the American lobster is external.
Fertilization is external in some crustaceans and internal in others. In the nineteenth century, it was reported that the American lobster (Homarus americanus) fertilized its eggs externally using spermatozoa stored in the seminal receptacle. Later investigators questioned this assumption, noting that the spermatophoric mass is sealed inside the seminal receptacle by an impervious sperm plug that prevents the spermatozoa from exiting the seminal receptacle via the orifice. This led to suggestions that fertilization in homarid lobsters is internal via transitory connectives that form between the seminal receptacle and the ovary/oviduct at the time of oviposition. Supporting evidence was obtained from studies in which fertilization occurred even when the orifice of the seminal receptacle was sealed with epoxy. We here report selective occlusion studies that resolve this conundrum. At spawning, spermatozoa leave the seminal receptacle not through the sealed orifice, but via two grooves located posterior and lateral to the orifice. Occluding these posterolateral grooves as well as the orifice of the seminal receptacle prevents fertilization, whereas occluding only the orifice does not. This explains why earlier attempts to prevent fertilization by occluding the orifice of the seminal receptacle were unsuccessful, and confirms that fertilization in the American lobster is external.
Fertilization in the true crabs-the brachyurans-occurs externally in some taxa and internally in others (Bauer, 1986; Subramoniam, 1993; Sainte-Marie et al., 2000) . In the palinurid (spiny) lobsters there has been some uncertainty. External storage of spermatozoa and external fertilization of spawned ova appears to be the accepted mode for Panulirus and Palinurus, but for Jasus there have been conflicting opinions regarding both spermatophore storage and site of fertilization (von Bonde, 1936; Fielder, 1964; Heydorn, 1969; Silberbauer, 1971) . The uncertainty appears to have been eliminated by MacDiarmid (1988) through selective occlusion. Results from that study favored external spermatophore storage and external fertilization, and brought Jasus into correspondence with other palinurid genera.
The situation in nephropid (clawed) lobsters has been equally unsettled. Bumpus (1891) and Herrick (1894) concluded that fertilization in Homarus is external. This opinion prevailed until Silberbauer (1971) reported transitory connectives between the seminal receptacle and the oviducts of Jasus, suggesting a mechanism for internal fertilization. This prompted Farmer (1974) to re-examine fertilization in three nephropid species: Norway lobster (Nephrops norvegicus Linnaeus, 1758), European lobster (Homarus gammarus (Linnaeus, 1758)), and freshwater crayfish (Austropotamobius pallipes (Lereboullet, 1858)). In a female Homarus that had recently hatched her eggs, Farmer traced ''two extremely fine ducts'' approximately half way from the seminal receptacle toward the oviducts. On this basis, Farmer suggested that internal fertilization might be a general phenomenon in the Nephropidae, Astacidae, and Parastacidae. Farmer's conclusion was supported by the work of Gesteira (1988) , who located a similar duct in the American lobster.
The possibility of internal fertilization in Homarus was also supported by the lack of an obvious mechanism for external fertilization (Farmer, 1974; Gesteira, 1988; Talbot and Helluy, 1995) . The stored spermatophore is located at a point farthest from the orifice of the seminal receptacle (site of sperm storage) and is separated from that orifice by an impermeable sperm plug. The location of the sperm plug, its impermeability, its unchanging nature before, during and after spawning, and the absence of a duct or channel leading to the exterior made expulsion of the stored sperm through the orifice of the seminal receptacle difficult to explain. Bumpus (1891) and Herrick (1894) claimed to have expressed spermatozoa from the seminal receptacle by applying pressure externally, but Gesteira (1988) was unable to reproduce this result, in spite of several attempts. Gesteira also found that blocking the orifice of the seminal receptacle did not prevent a female from spawning fertilized eggs. She interpreted her results as support for internal fertilization in Homarus americanus H. Milne Edwards, 1837.
We had previously occluded the seminal receptacles of mature American lobsters with epoxy (Waddy, unpublished (1984) ). These females spawned and fertilized their eggs, raising the possibility that fertilization had occurred internally. We then dissected Homarus that had recently spawned and examined the seminal receptacle and surrounding tissues both grossly and histologically. We found no ducts comparable to those described by Farmer (1974) that could convey spermatozoa for internal fertilization, but we did find that applying gentle pressure to the spermatophoric pouch caused spermatozoa to be expelled externally from the seminal receptacle (Aiken, unpublished) . Significantly, these spermatozoa were expressed not from the orifice of the seminal receptacle, but from two grooves located posterior to the orifice (the PLG of Fig. 1 ; the path of the spermatozoa is indicated by the heavy arrows). This explained how external fertilization could occur even when the orifice of the seminal receptacle is occluded.
We hypothesized that spermatozoa are conveyed to the posterolateral grooves via a cryptic duct or channel that bypasses the sperm plug at the time of spawning. If so, occluding the posterolateral grooves as well as the orifice of the seminal receptacle would prevent fertilization, whereas occluding only the orifice of the seminal receptacle would not. The study reported here was designed to assess this.
MATERIALS AND METHODS

Animals
Mature female American lobsters (78-85 mm CL) in molt stage C 3 -C 4 were obtained from the commercial fishery at Miminegash, Prince Edward Island, in September 1998. Insemination was confirmed by the presence of a sperm plug in the seminal receptacle (Waddy and Aiken, 1990) . They were transported to the St Andrews Biological Station and held in communal tanks with an excess of shelter. Photoperiod was natural (translucent panels in the roof admitted light from the external environment (458N)). Water temperature was seasonally changing on a natural cycle, varying from a maximum of 148C in late August to a minimum of 08C in early February. The lobsters were fed a varied diet of shrimp, fish, and squid, with quantity adjusted according to demand.
Treatments
On 16 June 1999, four groups were randomly selected from this stock: Control (20 animals); Sham (10 animals); Limited Occlusion (10 animals); and Extensive Occlusion (20 animals). Before assignment, each animal was again checked for evidence of insemination (sperm plug in the seminal receptacle) and verification of the preovigerous condition (cement gland development) (Aiken and Waddy, 1982) . Animals in each group were held communally in identical tanks with an excess of shelter. Each group was in a separate tank. Water temperature at the start of the experiment was 118C.
Females from all groups were strapped to a custom-made board (Aiken et al., 1984) and held out of water for approximately 5 min, during which they were treated in one of the following ways:
Control.-Females in the Control group were returned to the water without further disturbance.
Extensive and Limited Occlusion.-The external surface of the seminal receptacle was scrubbed with a cotton swab saturated with anhydrous ethyl alcohol, then dried with compressed air (CG Electronics). The seminal receptacle was sealed with a cyanoacrylate adhesive (Elmer's Krazy Glue) followed by an application of underwater epoxy (Water Weld #8277, J-B Weld Company) pressed into all furrows and openings, and sculpted to ensure minimal interference with the movement of adjacent appendages. After approximately 4 min of curing in air, the females were returned to their tanks. In the Limited Occlusion group, only the main opening to the seminal receptacle was sealed (i.e., the area covered by the membranous flaps-see Fig. 2B ). In the Extensive Occlusion group, the entire surface of the seminal receptacle was sealed, special care being taken to seal the full length of the furrows of the posterolateral grooves (Fig. 2C) .
Sham.-The seminal receptacles in the females in the Sham group were treated in the same manner as the Extensive Occlusion and Limited Occlusion groups, except the receptacles were not sealed with Krazy Glue or Water Weld epoxy. 
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General Each female was checked daily for the presence of freshly spawned eggs. The projected spawning period for this stock of females was calendar days 170-212 (fourth week in June through the end of July). Groups of freshly spawned eggs (5-6 per sample) were removed on days 4-7 after spawning and examined with a stereomicroscope for cellular division indicative of fertilization (the ''morula'' stage of Bumpus, 1891) . Selected eggs were photographed on sequential days to establish changes undergone by fertilized and unfertilized eggs. After post-spawning day 7, samples were taken at 5-to 7-d intervals until post-spawning day 50 to monitor development/degeneration. All statistical comparisons were made using SigmaStat statistical software (SPSS, Inc. Chicago, Illinois, U.S.A.).
RESULTS Spawning
Incidence of spawning ranged 60-80% in the four groups (Table 1) . Most of the spawning failures were due to oocyte resorption. Calendar day of spawning ranged from 172 to 207 in the four groups (mean 188.3, SD 7.2); mean day of spawning was not significantly different among the four treatments (1-way ANOVA, P ¼ 0.126).
Fertilization
Of the clutches spawned in the Sham and Limited Occlusion groups, 100% were fertilized. One female in the Control group had some fertilized eggs, but most were unfertilized, causing the Control group to be rated as 92% fertilized. None of the eggs sampled in the Extensive Occlusion group was fertilized. Fertilization success was not influenced by either the sham or limited occlusion treatments (P ¼ 0.990, v 2 test). However, the extensive occlusion treatment (occlusion of the seminal receptacle plus the posterolateral grooves) had a highly significant effect on fertilization (P ¼ 0.006, v 2 test).
Results from the individual treatment groups are as follows:
Control.-Sixty-five percent of the control lobsters spawned, and 100% of the resulting egg batches were fertilized. Of these, 92% developed to the nauplius stage of Bumpus (1891) during the study period (one egg mass degenerated and was lost). Of the seven lobsters that failed to spawn, six showed visible signs of oocyte resorption, possibly a result of frequent handling near the time of spawning.
Sham.-In the Sham group, preparing the seminal receptacle for occlusion but not applying epoxy had no effect on fertilization. Sixty percent of the females spawned, and 100% of the egg clutches were fertilized. All eggs developed to the nauplius stage, and no egg mass was lost during the study.
Limited Occlusion.-Occluding only the orifice of the seminal receptacle had no effect on fertilization. Sixty percent of this group spawned, and 100% of their egg clutches were fertilized. All of these eggs developed to the nauplius stage, and no egg clutch was lost during the study.
Extensive Occlusion.-Occluding the posterolateral grooves as well as the orifice of the seminal receptacle prevented fertilization. Although 80% of these females spawned, none fertilized their eggs. All eggs that attached to the pleopods degenerated and were lost before the end of the experiment.
These results confirm that fertilization in Homarus americanus is external, and explain why earlier attempts to prevent fertilization by occluding the orifice of the seminal receptacle were unsuccessful.
DISCUSSION
Seminal Receptacle
The spermatophoric pouch does not open only at the orifice of the seminal receptacle, as is commonly thought. It extends beneath the shield posteriorly to the midpoint of the posterolateral grooves (Fig. 3A) , terminating at the point where the calcareous support rods join the shield (Fig. 3B) . The triangular shield thus overhangs and protects the posterior half of the opening, leaving only the anterior half of the opening (the orifice) accessible from the outside. 
478
At mating, the spermatophore is inserted into the pouch via the orifice. Access to the receptacle is subsequently obstructed by the hardened sperm plug, which in most cases is firmly fused to the lateral walls of the pouch and the membranous lips of the orifice. The sperm plug and the shield thus combine to exclude access by other males, and to prevent stored sperm from being liberated via the orifice. The ''spermatophoric orifice'' described and figured by Bumpus (1891) is different from the orifice of the seminal receptacle described above, and is a misnomer. The ''spermatophoric orifice'' is not the point where the spermatophore is inserted, but the external opening for a space that lies between the posterior face of the sperm plug and the posterior wall of the spermatophoric pouch (occupied by the thread in Fig. 3B ). This is the channel through which spermatozoa, once released from the spermatophore, move from the proximal end of the spermatophoric pouch distally to the posterolateral grooves, where they exit and mix with the emerging eggs when the female spawns. The spermatozoa move in response to distortion of the spermatophoric pouch by the contraction of attached muscles.
Suggested terminology for elements of the seminal receptacle, updated from Bumpus (1891) and Herrick (1911) , is illustrated in ventral and lateral views in Fig. 3 . In Fig. 3B , the path taken by sperm at spawning is indicated by a thread that has been inserted via the posterolateral groove into the space beneath the shield and slipped along the posterior wall of the spermatophoric pouch.
Expression of Spermatozoa
One hundred sixty years after Nicholls (1731; cited by Herrick, 1911) first described the seminal receptacle, Bumpus (1891) discovered its true function by pressing on the wings of the organ and causing ''spermatic fluid'' to ooze from a pair of ''spermatophoric orifices'' beneath the shield. This was a serendipitous event, because spermatozoa can only be expressed from the seminal receptacle for a brief period around the time of spawning.
Bumpus then sectioned the pouch of the seminal receptacle and noted the impervious sperm plug, posteroventral to which were aggregations of free spermatozoa. These, he concluded, were ejected from the spermatophoric pouch via the ''spermatophoric orifices'' (posterolateral grooves) as the eggs emerged from the oviducts at spawning. This work by Bumpus in the nineteenth century was not properly appreciated by those who succeeded him in the twentieth century. His observations had provided a credible route to the exterior for spermatozoa, and explained how external fertilization could occur in this species. Unfortunately, the information was overlooked.
Identifying a means whereby external fertilization can occur is not the same as demonstrating that external fertilization actually does occur. The latter requires that fertilization be prevented when the external path is obstructed, but not when it is clear. In the studies reported here, fertilization was prevented by blocking the posterolateral grooves (extensive occlusion), but not when these structures were unobstructed (limited occlusion). Gesteira (1988) provided histological evidence that the wall of the spermatophore is disrupted at spawning. She also noted spermatozoa free in the spermatophoric pouch of postspawning females. By applying forceps to the muscle attachments at the proximal end of the spermatophoric pouch of a spawning female, we caused free spermatozoa at the proximal end of the pouch to move ventrally and exit via the posterolateral grooves (Fig. 3) . Andrews (1906) reported that female crayfish (Cambaridae) contract the musculature of their fifth somite to force sperm from their receptacles when the eggs are being extruded. This appears to be the mechanism in Homarus as well.
The extruded ova are channeled directly over the posterolateral grooves on their way to the brood chamber. Andrews (1906) assumed the eggs moved in response to gravity but Templeman (1940) suggested that a gentle waving of the first pair of pleopods draws the extruded eggs into the brood chamber. Unpublished observations by S. L. Waddy indicate this slow waving of pleopods is an integral part of the fertilization process. The first pair of pleopods are held erect, perpendicular to the ventral surface, thereby creating a barrier that traps the extruded ova posterior to the seminal receptacle. Extruded eggs rapidly accumulate ahead of this barrier and are retained for a brief period, during which the extrusion of ova stops and, presumably, spermatozoa are released into their midst. The first pair of pleopods then rotates down, parallel to the ventral surface, and the fertilized eggs flow posterior into the brood pouch. The pleopods then return to the erect position and the extrusion of eggs resumes. This alternation of egg extrusion and sperm expression continues until all ova have been extruded, fertilized and deposited in the brood pouch, a process that can take several hours.
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